heart, and aorta. Lipoic acid also improved survival of endotoxemic mice. All of these antiinflammatory effects of LA were abolished by treatment of the animals with wortmannin. We conclude that LA inhibits LPS-induced monocyte activation and acute inflammatory responses in vitro and in vivo by activating the PI3K/Akt pathway. Lipoic acid may be useful in the prevention of sepsis and inflammatory vascular diseases.
tion and septic shock triggered by the bacterial endotoxin LPS is the production of multiple proinflammatory mediators such as cellular adhesion molecules (CAMs), cytokines, and chemokines by vascular endothelial cells and monocytemacrophages (1, 2) . Although these proinflammatory mediators are required for an adequate host-defense response, dysregulation of their production can lead to refractory hypotension, cardiovascular hyporeactivity, intravascular coagulation, multiple organ failure, and death (3) (4) (5) .
Endothelial cells are a primary target of immunological attack in sepsis, and their injury can lead to vasculopathy and organ dysfunction (2) . LPS directly elicits several acute inflammatory responses in endothelial cells, including production of the proinflammatory cytokines and chemokines TNF␣, IL-1␤, and monocyte chemoattractant protein 1 (MCP-1); increased surface expression of the CAMs, E-selectin, vascular cell adhesion molecule 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-1), which elicits leukocyte adhesion to the vasculature and transmigration into the underlying tissue; and increased expression of tissue factor, which causes intravascular coagulation and endothelial injury and dysfunction associated with sepsis (2) .
Regulation of endothelial CAM and cytokine expression has been related to oxidative stress through specific reductionoxidation (redox)-sensitive signaling pathways and transcription factors such as NF-B and AP-1 (6) (7) (8) . Intracellular antioxidants may affect cellular redox environment and thus attenuate the response of endothelial cells to oxidative stress and inflammatory cytokines. For example, the antioxidants pyrrolidine dithiocarbamate, N-acetyl-L-cysteine, and ␣-lipoic acid (LA; 1,2dithiolane-3-pentanoic acid) inhibit cytokine-and LPS-induced CAM expression in various cell types (9) (10) (11) and animal models (12) (13) (14) .
The phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway has been shown to play an important role in negatively regulating LPS-induced acute inf lammatory responses in vitro and in vivo (15) (16) (17) (18) (19) (20) (21) . Inhibition of PI3K/Akt signaling enhances LPS-induced activation of NF-B, AP-1, and Egr-1 transcription factors and gene expression of TNF␣ and tissue factor in cultured human monocytic cells (15) . Similar effects were observed in vivo, where inhibition of PI3K/Akt enhanced LPS-induced coagulation and inflammation in endotoxemic mice (16) . Conversely, activation of the PI3K/Akt pathway by glucan phosphate (17) or angiopoietin-1 (18) inhibited TNF␣-induced tissue factor expression in endothelial cells (18) and was correlated with increased survival in a cecal ligation and puncture (CLP) septic mouse model (17) . Furthermore, transgenic overexpression of Akt has been shown to protect against septic death in the CLP mouse model (19) as well as mice infected with the Gram-negative bacterium Francisella (20) . Recent studies have shown that Akt dampens LPS-induced NF-B activation by phosphorylating and, hence, inactivating glycogen synthase kinase (GSK) 3␤, which negatively regulates its downstream target, NF-B, and potently suppresses LPSinduced proinflammatory responses and endotoxic shock (15, 22) . These studies strongly suggest that the PI3K/Akt pathway limits inflammation in endotoxemia and sepsis.
LA, which is found in the human diet and is also available as a dietary supplement in its natural R-form or racemic R,Smixture, is rapidly absorbed and reduced intracellularly by NAD(P)H-dependent enzymes to the dithiol compound dihydrolipoic acid (23, 24) . In addition to playing an important role in mitochondrial energy metabolism, LA and dihydrolipoic acid can scavenge reactive oxygen species, regenerate physiological antioxidants, chelate metal ions, and stimulate insulin signaling (23) (24) (25) . Lipoic acid significantly improves diabetic neurovascular and metabolic abnormalities (26) and may play a role in cardiovascular protection and as an antiinflammatory agent (27) (28) (29) (30) . Using cultured human aortic endothelial cells, we have shown that LA inhibits TNF␣-or LPS-induced expression of CAMs and MCP-1 and subsequent monocyte-endothelial interactions (11) . However, little is known about the effect of LA on endothelial and monocyte activation in vivo and the underlying mechanisms of LA's antiinflammatory effects. Here we investigated the potential protective role of LA in LPS-induced monocyte activation in vitro and acute inflammatory responses in vivo and found that LA strongly attenuated LPS-induced acute inflammatory responses by activating the PI3K/Akt signaling pathway.
Results

Lipoic Acid Activates the PI3K/Akt Signaling Pathway in Human
Monocytic THP-1 Cells. Inhibition of the PI3K/Akt signaling pathway in cultured human monocytic THP-1 cells has been shown to increase LPS-induced expression of TNF␣ and tissue factor because of increased activation of NF-B and AP-1 (15) . Using the same experimental model, we investigated whether LA could activate the PI3K/Akt pathway and affect LPS-induced Akt phosphorylation. Incubation of THP-1 cells with 0.5 mM LA induced phosphorylation of serine residue 473 of Akt in a time-dependent manner ( Fig. 1A) . Interestingly, LA elicited a biphasic response, with peak levels of phospho-Akt observed after 30 min of incubation (2.5-fold increase compared with the 0 time point; P Ͻ 0.05), followed by a drop at 60 min and then a steady increase up to 240 min of incubation (2.2-fold; P Ͻ 0.05). A similar time course of Akt phosphorylation was observed in cells treated with 0.1 mM LA. Furthermore, LA dosedependently increased Akt phosphorylation ( Fig. 1B) . For example, the phospho-Akt levels increased Ϸ2.2and 4.3-fold, respectively, in cells treated for 30 min with 0.1 or 0.5 mM LA compared with untreated control cells (P Ͻ 0.05). Importantly, LA-induced Akt phosphorylation was blocked by the PI3K inhibitor LY294002 [ Fig. 1B and supporting information (SI) Fig. 8 ]. These data strongly suggest that LA causes Akt phosphorylation by activating the PI3K pathway.
We also examined whether LA affects Akt phosphorylation induced by LPS. Incubation of THP-1 cells with LPS (1.0 g/ml) increased Akt phosphorylation in a time-dependent manner (2.3-fold increase at 120 min of incubation compared with the 0 time point; P Ͻ 0.05) (Fig. 1C ). When the cells were treated with LA for 30 min before LPS stimulation, Akt phosphorylation was elevated initially (in agreement with the data in Fig. 1 A and B ) and further increased steadily during the 2-h incubation with LPS (Fig. 1C ). The levels of phospho-Akt were always significantly higher in the cells pretreated with LA compared with the cells treated with LPS only (P Ͻ 0.05). Preincubation with LY294002 abolished the LPS-induced phosphorylation of Akt independent of the presence of LA (SI Fig. 8 ).
Lipoic Acid Inhibits LPS-Induced Up-Regulation of MCP-1 and TNF␣ and
NF-B DNA Binding Activity in THP-1 Cells. Because LA enhanced activation of the PI3K/Akt signaling pathway ( Fig. 1 ), and because this pathway is known to negatively regulate NF-B activation and inflammatory gene expression (15), we investigated the role of LA in LPS-induced NF-B activation and MCP-1 and TNF␣ expression. Treatment of cells with LPS for 2 h caused a 6.2-and 13.5-fold increase in MCP-1 and TNF␣ mRNA levels, respectively. However, when the cells were incubated with 0.5 mM LA for 1 h before LPS stimulation, upregulation of MCP-1 and TNF␣ was inhibited by 44 Ϯ 4% and 26 Ϯ 1%, respectively (P Ͻ 0.01; n ϭ 3).
Furthermore, LPS induced a 3-fold increase in NF-B DNA binding activity, which was further enhanced by the PI3K inhibitor wortmannin (WM) (P Ͻ 0.05 compared with LPS only) ( Fig. 2 ). Pretreatment of cells with 0.1, 0.5, or 1.0 mM LA dose-dependently inhibited LPS-induced NF-B activity by 32 Ϯ 2%, 49 Ϯ 3%, and 56 Ϯ 3%, respectively (P Ͻ 0.05 compared with LPS only) ( Fig. 2 ). However, when the cells were incubated with WM before treatment with 0.5 mM LA and LPS, the inhibitory effect of LA was reversed (Fig. 2) . These data indicate that activation of the PI3K/Akt pathway by LA partially inhibited NF-B activation and that the inhibitory effect of LA on LPS-induced up-regulation of MCP-1 and TNF␣ occurred through inhibition of NF-B. 
Lipoic Acid Increases Phosphorylation of Akt and GSK3␤ in Blood Cells
of LPS-Exposed Mice. To assess the in vivo relevance of the above data, we investigated whether LA could enhance activation of the PI3K pathway in vivo by assessing phosphorylation of Akt and its direct downstream target, GSK3␤, in cells derived from whole blood of LPS-exposed C57BL/6N mice. Treatment of mice with LA (100 mg/kg of body weight, i.p. injection) 1 h before LPS challenge (50 g, i.p.) enhanced both Akt and GSK3␤ phosphorylation Ͼ4-fold compared with LPS treatment alone (P Ͻ 0.05) ( Fig. 3) . These LA-induced increases in Akt and GSK3␤ phosphorylation were significantly inhibited by WM (0.3 mg/kg of body weight, i.p.) (P Ͻ 0.05) ( Fig. 3 ), indicating that they were mediated by activation of the PI3K pathway.
Lipoic Acid Inhibits the LPS-Induced Increase in Serum Soluble Adhesion Molecules in Mice. As shown in Fig. 4 , treatment of mice with LPS increased serum concentrations of the soluble CAMs, sE-selectin, sVCAM-1, and sICAM-1, 2-to 4-fold compared with untreated control animals. Pretreatment with LA significantly inhibited these LPS-induced increases in CAMs (P Ͻ 0.01) ( Fig. 4 ). In contrast, treatment with WM enhanced the LPSinduced increases in CAMs; however, when the animals were treated with WM before LA and LPS, LA's protective effect was diminished ( Fig. 4 ). There were no statistically significant differences in the induction of CAMs between the animals treated with LPS and WM and those treated with LPS, WM, and LA. Therefore, these data indicate that the PI3K/Akt pathway plays a critical role in negatively regulating CAM expression in vivo and the protective effect of LA is mediated by activation of this pathway. In contrast, LA did not significantly inhibit the LPSinduced increase in serum levels of MCP-1 and TNF␣.
Lipoic Acid Inhibits LPS-Induced Inflammatory Gene Expression in
Mouse Tissues. To investigate whether LA inhibits acute inflammatory responses in tissues, we assessed gene expression of inflammatory mediators in lung, heart, and aorta of LPSexposed mice, using real-time quantitative RT-PCR. Treatment of mice with LPS strongly up-regulated inflammatory gene 
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expression in all tissues examined ( Fig. 5 and SI Fig. 9 ), and pretreatment with LA inhibited the LPS-induced increases in lung mRNA levels of VCAM-1, ICAM-1, MCP-1, and TNF␣ by 70 Ϯ 4%, 54 Ϯ 10%, 44 Ϯ 2%, and 73 Ϯ 2%, respectively (P Ͻ 0.05 compared with animals treated with LPS only) ( Fig. 5A ). Very similar inhibitory effects of LA were observed in heart ( Fig. 5B ) and aorta (SI Fig. 9 ). LPS-induced IL-6 gene expression also was reduced, albeit nonsignificantly, by LA in all tissues examined.
Lipoic Acid Inhibits LPS-Induced NF-B DNA Binding Activity in Mouse
Tissues. The DNA binding activity of the p65 subunit of NF-B was detectable at low levels in all tissues examined of control animals and was increased Ϸ5-fold in animals treated with LPS ( Fig. 6 ). LA treatment significantly suppressed LPS-induced NF-B activity in lung, heart, and aorta by 49 Ϯ 14%, 100%, and 53 Ϯ 11%, respectively (P Ͻ 0.05 compared with animals treated with LPS only). Treatment of mice with WM further enhanced LPS-induced NF-B activity in lung and heart ( Fig. 6 ). When the animals were treated with WM before LA and LPS, the protective effect of LA on LPS-induced NF-B activity was abolished ( Fig. 6 ). There were no statistically significant differences between the animals treated with LPS and WM and those treated with LPS, WM, and LA. These data strongly suggest that PI3K plays a critical role in negatively regulating NF-B activity and that the protective effect of LA is mediated by activation of the PI3K/Akt pathway.
Lipoic Acid Improves Survival of Endotoxemic Mice. Activation of the PI3K/Akt pathway improves survival and protects against septic death in experimental animals (17, 19, 20, 31) . Therefore, we investigated whether LA could protect against LPS-induced endotoxemic shock and lethality. As shown in SI Fig. 10 , treatment of mice with LPS induced lethality in a dosedependent manner: LPS at a dose of 0.6 mg was not lethal, whereas 2 mg killed all animals within 48 h, and 1.5 mg caused 75% of mice to die within 84 h. In subsequent experiments, 1.5 mg of LPS was used to investigate the potential protective effect of LA. As shown in Fig. 7 , i.p. injection of 100 mg of LA per kilogram of body weight 1 h before LPS challenge significantly improved survival (P Ͻ 0.01 compared with animals treated with LPS only). The animals initially showed signs of endotoxemia in both groups, including immobility, lethargy, piloerection, mild febrile shivering, and diarrhea. These signs in the animals treated with LA plus LPS were milder than the mice treated with LPS only. Most of the animals in the LA-treated group gradually recovered, and on the fifth day all surviving mice appeared normal.
We also determined the role of the PI3K/Akt pathway in LPS-induced lethality. As shown in Fig. 7 , treatment of animals with WM before LPS challenge significantly increased lethality compared with animals treated with LPS only (P Ͻ 0.001), consistent with previous data (16) . When the animals were treated with WM before LA and LPS, the protective effect of LA on LPS-induced lethality was abolished ( Fig. 7 ). There were no statistically significant differences in LPS-induced lethality between the animals treated with LPS and WM and those treated with LPS, WM, and LA. These data indicate that the protective effect of LA against septic shock and death occurred through activation of the PI3K/Akt pathway.
Discussion
The pathophysiology of endotoxic shock is characterized by the release of multiple proinflammatory cytokines and chemokines, expression of CAMs, and infiltration of neutrophils and monocytes into inflamed tissues. Because of the complexity of the pathophysiology of septic shock, major efforts have focused on identifying novel antiinflammatory drugs that prevent the proinflammatory process at the early stage of gene expression of key inflammatory mediators (32) .
We have previously shown that LA inhibits TNF␣and LPS-induced expression of CAMs and MCP-1 in human aortic endothelial cells and consequent adherence of monocytes (11) .
Here we provide evidence that LA exhibits strong antiinflammatory activities in vitro and in vivo by attenuating LPS-induced activation of cultured monocytes and reducing NF-Bdependent expression of CAMs, TNF␣, and MCP-1 and endotoxic lethality in mice.
It is well documented that NF-B plays a prominent role in LPS-induced transcriptional regulation of most inflammatory genes that contribute to the development of septic shock, multiple organ failure, and death (6) (7) (8) 33) . Of clinical relevance, NF-B binding activity was increased in patients with acute inflammation and sepsis and correlated with clinical severity and mortality (34, 35) . In the present study we showed that LPS induced NF-B DNA binding activity in human monocytic cells and in various tissues of mice, and LA treatment strongly suppressed NF-B activation and NF-B-dependent upregulation of CAMs, TNF␣, and MCP-1. Therefore, our data are consistent with previous findings that the thiol antioxidants, N-acetyl-L-cysteine and pyrrolidine dithiocarbamate, inhibit NF-B activation and reduce the extent of microvascular injury, systemic hypotension, and multiple organ failure in septic rats (12, 13) . The PI3K/Akt pathway is a conserved family of signal transduction enzymes that are involved in regulating cellular proliferation and survival. A growing body of evidence suggests that the PI3K/Akt pathway plays an important role as a negative feedback regulator of excessive innate immune and Toll-like receptor-mediated proinflammatory responses (15) (16) (17) (18) (19) (20) (21) (22) . Hence, inhibition of PI3K/Akt signaling enhanced LPS-induced activation of NF-B and AP-1 and gene expression of TNF␣ and tissue factor in cultured cells (15) . Similar effects were observed in vivo, where inhibition of PI3K/Akt enhanced LPS-induced inflammation and lethality in mice (16) and, conversely, activation of PI3K/Akt increased survival (17, 20, 31) . Furthermore, a recent study in genetically altered mice found that PI3K␥ negatively regulates the expression of CD47 and ␤3 integrins during Gram-negative sepsis, which was correlated with vascular injury in the lungs by polymorphonuclear leukocytes (36) . These studies indicate that the PI3K/Akt pathway limits inflammation in endotoxemia and sepsis.
A B
We found that LA activated the PI3K/Akt pathway and induced Akt phosphorylation in a dose-and time-dependent manner in human monocytic cells. These observations are consistent with other reports that LA activates PI3K/Akt in other cell types (37) (38) (39) . Similar to LA, LPS also induced Akt phosphorylation in human monocytic cells. However, the levels of phospho-Akt increased only 1 h after the addition of LPS. These findings are consistent with those of Guha and Mackman (15) , who showed that the LPS-induced activation of the PI3K/Akt pathway was slightly delayed relative to the activation of the MAPK pathways. Thus, it appears that the delay in PI3K/Akt activation initially allows LPS to activate MAPK and induce an acute inflammatory response, which is subsequently blunted and then shut down by LPS-induced Akt phosphorylation (15, 21) . In contrast, when the cells were treated with LA before LPS stimulation, Akt phosphorylation was elevated initially and further increased during LPS exposure. Hence, the proinflammatory response to LPS was suppressed by LA from the beginning, resulting in inhibition of LPS-induced NF-B activity and NF-B-dependent TNF␣ and MCP-1 gene expression. These antiinflammatory effects of LA in monocytic cells were abolished by the PI3K inhibitor WM, indicating that they required PI3K/Akt activation.
Consistent with our findings in cell culture, we observed that inhibition of the PI3K/Akt pathway in vivo by WM significantly enhanced the LPS-induced increase in serum levels of CAMs, NF-B DNA binding activity in lung and heart, and septic death of mice. Thus, our data provide evidence that the PI3K/Akt pathway plays a critical role in attenuating LPS-induced acute inflammatory responses in lung and heart and extend previous observations that this pathway serves as a negative regulator of LPS-induced NF-B activation and expression of proinflammatory mediators in vivo (16, 35) . Furthermore, we found that LA treatment significantly increased phosphorylation of Akt and its downstream target, GSK3␤, in blood cells of LPS-treated mice, which was accompanied by effective attenuation of acute inflammatory responses in serum and various tissues.
Two striking findings of the present study were that LA significantly improved survival of septic mice, and inhibition of PI3K with WM abolished this protective effect of LA. Previous studies suggested that LA acts as an antiinflammatory agent in vivo and plays a role in cardiovascular protection (27) (28) (29) , although LA's mechanism of action remained unclear. Our results suggest a mechanism by which LA activates the PI3K/Akt signaling pathway and consequently inhibits NF-B activity, expression of proinflammatory mediators, and septic lethality.
Although it has been shown previously that LA activates the PI3K/Akt pathway in various cell types, e.g., 3T3-L1 adipocytes (37) and rat cortical neurons (38) , most of these studies investigated the role of LA in PIK3/Akt-mediated insulin signaling, glucose transport, and cell survival. Our study demonstrates that LA activates the PI3K/Akt pathway and inhibits LPS-induced, NF-B-dependent up-regulation of proinflammatory mediators in monocytes, which play a critical role in inflammation and sepsis. This is important because there are substantial differences among different cell types regarding the antiinflammatory role of the PI3K/Akt pathway. It has been reported that this pathway either acts as a positive (40) (41) (42) or negative regulator (15, 18, 19) of NF-B activation and cytokine production, depending on the nature of the stimulus and the cell type.
Furthermore, our data show that LA activates the PI3K/Akt pathway in vivo and, hence, attenuates LPS-induced proinflammatory responses in serum and tissues and protects against septic death in mice. Although previous studies have found that LA exerts antiinflammatory effects in a mouse model of asthma (29) , a rat model of angiotensin II-induced renal injury (43) , and in patients with metabolic syndrome (28) , no data have been published showing that LA inhibits LPS-induced acute inflammatory responses in vivo.
In summary, our results show that LA effectively attenuates LPS-induced acute inflammatory responses in vitro and in vivo by activating the PI3K/Akt signaling pathway. Therefore, LA might be useful in the prevention of sepsis and inflammatory vascular diseases.
Methods
Animal Studies. Male C57BL/6N mice at 11-12 weeks of age weighing 22-24 g were purchased from Simonsen Laboratories (Santa Clara, CA). The animals were housed under specific pathogen-free conditions in a temperature-and humiditycontrolled environment and given unlimited access to water and food (pelleted rodent nonpurified diet, Wayne Rodent BLOX 8604; Harlan Teklad, Madison, WI). Mice were acclimatized for 7 days before initiation of experiments. All animal procedures were approved by the Institutional Animal Care and Use Committee of Oregon State University.
Solutions of D,L-␣-lipoic acid (Sigma-Aldrich, St. Louis, MO) were prepared immediately before use by dissolving 10 mg/ml LA in 120 mM Tris buffer, adjusting the pH to 7.4, and sterilely filtering the resulting solution. WM (Sigma-Aldrich) stock solutions were prepared in DMSO and further diluted into sterilized HBSS (Sigma-Aldrich). LPS (serotype 055:B5 from Escherichia coli; Sigma-Aldrich) stock solutions were prepared in HBSS.
Mice were randomly assigned to five experimental groups: control (i.p. injection of HBSS), LPS (i.p. injection of 50 g of LPS), WM plus LPS [i.p. injections of 0.3 mg of WM per kilogram of body weight 90 min before and 90 min after i.p. injection of LPS (16)], LA plus LPS (i.p. injection of 100 mg of LA per kilogram of body weight 60 min before i.p. injection of LPS), or WM plus LA and LPS (i.p. injections of 0.3 mg of WM per kilogram of body weight 90 min before and, if applicable, 90 min after and 100 mg of LA per kilogram of body weight 60 min before i.p. injection of LPS). Each group consisted of 20-25 animals. One or 4 h after HBSS (control) or LPS (all other groups) administration, the animals were killed and blood and tissues were collected for analysis.
For survival experiments investigating the dose-dependent effect of LPS, animals were injected i.p. with 0.6, 1.0, 1.5, or 2.0 mg of LPS. To investigate the effect of LA, animals received an i.p. injection of 100 mg of LA per kilogram of body weight 60 min before i.p. injection of 1.5 mg of LPS. To investigate the effect of WM, animals received i.p. injections of 0.3 mg of WM per kilogram of body weight 90 min before and 90 and 360 min after i.p. injection of 1.5 mg of LPS (16) or the same injections of WM and an i.p. injection of 100 mg of LA per kilogram of body weight 60 min before injection of 1.5 mg of LPS. Each group consisted
